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PREFACE

The work described in this report was authorized and funded by Environmental Technology
Division, Demil/Disposal Branch, under the title, "Explosive Containment System. Method for Agent
Identification, Decontamination and Certification, C911.01.0507." The work was begun in May 1980
and completed in September 1980.

Reproduction of this document in whole or in part is prohibited except with permission
. of the Commander, Chemical Systems Laboratory, ATTN: DRXTH-ES, Aberdeen Proving Ground,

Maryland 21010. However, the Defense Technical Information Center is authorized to reproduce the
document for United States Government purposes.
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DECONTAMINATION AND DISPOSAL METHODS FOR CHEMICAL
AGENTS - A LITERATURE SURVEY

1. INTRODUCTION

A request was made for a review of liquid methods applicable to disposal of certain agents
by US Army Toxic and Hazardous Materials Agency (USATHAMA). This information was to be
utilized in the selection of systems for decontamination/disposad in an "explosive containment system"
(ECS). As presented to us, the suspected agents are contained in ordnance with a charge of explosives.
The concept is to detonate the ordnance with added explosives in an ECS without down loading the
agent or burster charges. The concept is primarily intended for liquid-filled rounds including gases that
are liquid under pressure. Some solid-filled rounds may also be amenable for disposal by this method.
Liquid and solid fills will be differentiated by X-ray technique. Specifically excluded are high explosive
(HE)-filled rounds. After the explosion in the ECS, the explosion "products" may be decontaminated
by either a liquid reaction or by being fed into an incinerator, with the selected option depending on
logistical and engineering parameters and trade-offs. This paper supplies technical information toward
evaluating the chemical requirements of a liquid decontamination option.

In the liquid decontamination option, the contents of the ECS would be decontaminated
. with liquid i-actants to neutralize the residual intact agent(s) present. The resulting decontaminated

brines could be then placed into drums 4nd transported to an existing demilitarization facility for

final disposal.

No glycolates aro involved. Suspectod fills include GO, GD, VX, 1t, HD, L, GA. HN, CG,
PS, AC, CK, and BBC.

After a discussion of the general problem arela, it was proposed that u complete and detailed
;' nwview be accomplished, which could provo a valuable refearew in other deontamiatlon/diposal

i., operations.

The subject of d01ontaminaion can tov 1 to be a ealtlogg ama bt auset of the chemical
b eadth of the mlateial, the wvaiety of situaioins to which it is applied, and the detailed sophiittiom
Sptmired to draw satisiacto-y conclusions for teduction of chlimiji data to adual field or eogineeiing

tpraice, For example. siM decontailitation, 1eld cc taunation of eq t(men't and umatedel, 11d
dcontamiinatioa for dispoal opefations have uniquely differesit ctitoat for ",selton of a s* favtor"
system.

lle hoice of decontamitants for dispoial oprka t)t!s vaw be bawod upoo some of the followi-sg

(a) Roigh Ivagent Capacity.

(b) Wl-djefbtred products of knlown toxicity.

(e:) Tirermal nmoderation (ease of conlret).

"W) amolable" tae.

(a) Low iLanmability for safety in hanidling.
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. (f) Economy.

. (g) Special corrosion problems.

(h) Vapor or skin toxicity.

(i) Ease of incineration.

(j) Nature of incineration products.

* Actual selection of a decontaminant cannot be made until a choice is made of the relative
importance of the various criteria.

invovedOther criteria may arise in special instances. The base-line data for selection, which have

involved chemical studies, include information related to (a), (b), (c), (d), (g), (i), and (6). One will
infrequently encounter all of the necessary information, but certain information is usually available
for systems that have been studied, allowing a preliminary judgment to be made. The following appear

:'-.. to be minimally necessaiy:

(a) Determination of heat of reaction or ad hoe demonstration of thermal control of the
l reaction system to be utilized (see table A-i, appendix).

() Determination of kinetic rate constants or ad hoc demonstration of completeness of
reaction within a suitable time frame (see table A-2, appendix).

(c) Demonstration of reaction products and stotchiometty or sufficient assessment to
S eliminato criticality of procedure when the systemt is applied (see tables A-2 and A-3, appndix).

* "°- (d) Ability to calculate gxavimetrio factors for active ingrodients at loast as a wolst-,;as
* assessmont (see table A-2).

(e) Ability to calculate, reliably, a winiital apacity factor in volumae of doCutraiiumt pot
gran of gignt or weight of docontaaiuant jur gmam of asgot (see table A-2).

(I) Aralytical ptoocedute for tesidual agtW.

asmblaeerefos, in vspct to the Special problemiA confr ntin disposal, we thavo a(telpted to
wolub!e thtfo vritival elenlast for dispoat yst(Im h1sofar a ' tiblo. We Wt providing fuSdaVltf tlv b
cienlisy , as well al cloitry of those systems tlSt have been iniadoaqatoly oxplored, to Clisute
that ,lufficieitly sopikiicated viewpoints bcc-Oe available to rationalit deconkmilmianr choice or to
b% able to exploe promising altewativos iot yet in use. Also, we hope that the defiiencies of soin
of the systems va become evidentl by a bief decriptiol of availaWe, but incomplete, ilforation.

. 1 fo U 50,2 provides u1 oWiCA . nomtwdatutu and symbolW fot the agats under co4nideration:

-*?! (CA, TabuG) ,thyl diTbtunylplilhorandocyuaddate

(GB. Satin) isopropyl metmylphoshonofiuoridate



*(GD, Sman)w~ pioylinetylphosphnuoriuu

* (VX) 0-ethyl S-(2-diisopropylamixioethyl) methylphosphonothioate

(H, HD, mustard) 2,2'-dichloroethyl sulfide

(N-1, nitrogen mustard) bis(2-chloroethyl)ethylaniine

-* (HN-2) bis(2-chloroethyl)methylainine

(HN-3) tris(2-chloroethyl)aniine

(L, lewisite) 2-chiorovinyldichioroarsine

(CG) phosgene

j (AC) hydrocyanic acid

(C-K) cyanogen chloride

* (PS) chloropicrinl

(BflC CA) 2-birowobenzyl cyanide

The dm-atarinatioii of c of thewe tagnts Will beo dlscussed in turn, withi specific mfrcfice

(ai) Physitcal psroportics that are of Unortanc in s o htluon; i~. wator solubility and
boiling point.

Wb Cirisn for Weollio rlated to.

(1) Reaction V'4uutlofS.

(4) Effectivesicss.

(c) Atudyfica nuethioa for ateaiatiou of rc~idual 4get i dciot naticw Solutions
* With respect to,

(1) SWWstivty level.

(2) Rcha1ihty.

(3) Lusw of applaiutionL
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In addition, a discussion will be given on whether there is a "best choice" decontaminant
recommended for unknown fills or whether incineration might be the only option. Tables A-1, A-2,

* .and A-3 also providi- comparisons and summaries of some of the developed information.

2. THE DECONTAMINATION OF VARIOUS AGENTS

2.1 Ethyl dimethylphosphoramidocyanidate (GA).

2.!.1 Selected physical properties. Ethyl dimethylphosphoramidocyanidate, which is miscible with

water, has a boiling point of 237°C. 3

2.1.2 Decontamination. Destruction of the agent is most easily accomplished by hydrolysis in
aqueous sodium hydroxide.

0 0

(H3 C)2 N-P-CN + 2NaOH -- (H 3 C)2N-P-ONa + NaCN + H20

2e"

The pseudo-first-order rate constant for hydrolysis of GA has been reported as being 0.02 Win"1 at pH 9.5

and 25C;4 whereas, the heat of reaction was given as -10.1 kcal/nolc. 5 The hydtolysis of GA in
seawater has Tso been studied.6 iT hydrolysis in water proceeds by two indopendont paths, depending
upon the pH of the wator. 7 At lower values, dimethylamina is produced; whereas, at higher p11,
cyanide ion is liberated. In seawater, the latter route is favored. "1t following data woro obtained at
varous tontiraturos.

l AWll 1. tIlf lUf of GA in Seaw~tr At Tfree Toiawtuivs

15 4475

20 67

25 175

t-h0 dstruction of toy .j cyalide ion fomi hiydrolyzed GA is r,"idily accomplished by
4 'il oxidation with hypochiloite in biC solution, as descrikbd WOWlow in th'i !tion on hydroyasli acid.

SrUlda J., RWscrlblatt, D. It., Calladclo, A., and McToague, W. I. Draft Repoit oi ('o anding (nt-eAl, US At'nw
Muith) Command, AI 4N: AfSMU.MS.Ci. Dover, New Jtlerse,, Sujcct: (lhcuifcJ! M41osal Option. summuy

Rtlx)p oo a Data Bxe for Ptdec&tig C(niequoticc of Cheical DLdss Oelratis. 2 October 1972.
UNCLASSIMiL Rorpwl.
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2.1.3 Analysis.

Methods for the analysis of trace amounts of agents in decontamination solutions usually
involve a preliminary extraction of the agent into an organic solvent such as c.hloroform or hexane.
This is necessary because the large excess of salts present will often interfere in the analytical method
used. No study has been reported on the recovery of trace amounts of GA from aqueous sodium
hydroxide, but it is likely that the compound can be eytracted by chloroform, as has been reported
for the water miscible GB.8, 9 Once the GA has been extracted, there are a number of methods
available for its assay. Two sensitive rolorimetric procedures for the determination of organophosphates,
such as GA, are the Schbnemann reaction with o-dianisidine and peroxide 10 and the diisonitrosoacetone

reaction1 I with sensitivities of the order of 0.2 ug/ml in the final solutions. A fluorimetric technique
using indole, 12 with sensitivity comparable to that of the colorimetric techniques, has been reported.

Even more sensitive are enzymatic methods 13 involving acetylcholinesterase and colorimetric,
fluorimetric, 14 or electrometric measurements, but these are subject to a considerable number of

interferences. 1

Many of the interferences in the above procedures can be removed prior to analysis of
the agent by gas-liquid chromatographic (GLC) or thin-layer chromatographic (TLC) methods. The
GLC procedure is the one customarily used for the assay of agents in organic extracts of decontamination
solutions. A variety of coiumns is available for this purpose.

Separation prior to analysis is also possible with TLC techniques. The Rf values and
semi-quantitative measurements have been made for a onmubur of G agents usintg the well-known
perborate-dianisidine or cholinesterase-indoxyl acetate sprays. As an tlternative, the spot has been

scraped off the plate and analyzed in a test tube, using standard colorimetric or fluorimettic methods.

,, - Isopropyl mLhylphlosphoofhuoridate (GB).

2.2,! Selecte! physical properties, IsopVopyl nmthylphosphnofluoridate is uiopletoly miscble

with water and boils at 151 T.

* The moqt widtlv used mothod for (he dustruction of GB involvus treatunut With aqueouS
* "Sodium ilydioxide; i e.,17

ft 3C-P-F + 2NaOI-.---i 3C-P-ONa + Na- + 1120

' C(C 3 )(C3) 2

Vic!' second-ordot reaction rate is 30 i "1 SCjCl and the heat of reaction is -44.4 kcal n ole.16 Withi

5% aqueous sodium hydroxide, the half life is <0.8 'Wc. If the reaction mixture eontaifo aluminum

K;al a$. J., Sonmer,- i. Z., and Porte,. G. Quarterly Prorss Rep,,. Rcwwvh Plan No. 3397. Oparatioa Red
Hat. ikfese Re-s ech Briuh. 16 Mbrch 1973. UNCLASS11I) Repor.
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metal (such as from a munition), then 10% aqueous sodium carbonate is recommended, to avoid
hydrogen evolution, with a first-order rate constant of 0.08 sec 1, a th of 8.45 seconds, and a destruction
efficiency of >99.9999%. The heat of tile reaction (AH) for the carbonate process (10% sodium

7 carbonate) has been estimated to be -22 kcal/mole. 8 This was shown to give a "safe" temperature
rise of 2.58 0 C for an adiabatic process using 300% -,xcess reagent (1 pound of GB per 7 gallons of

--. 10% sodium carbonate).

0

,., GB + 2Na 2CO3 + H12 0.- CHY3--ONa + NaF + 2NaHCO3

OC 3H7

Thermal tests have been conducted directly on MSS rocket warheads for the reaction of GB
with sodium carbonate.* In these tests, the decontaminant was constantly flushed and agitated during
the operation. Acceptable temperature rises were obtained even in the intimate presence of reacting
explosives and reagents. The temperature rise was monitored by thermocouples at several locations.
From an initial 74F to 990 F, the highest temperature rise, 21'F (12'C), was at or near the decon-
taminant inflow. Ti4ese tests wore conducted wider evaluation of tie Johnston Island plan for disposal

operations (table Ai).

* Several other reviews exist which include further chemistry of GB. 1822 The reactions are,
in ieteral, not sufficiently studied o develop full criteria for their usefulness in disposal processes. The
most notable reagent that has ieceived attention is the hypoehdorite ion (present in various fonts of
bleaci). It possesses a second-ordr rate coefficient for reaction with CB that is very large (10 M1 sec "1

* at 250 C). Altlough "4 atalytiO" in action, much of the advantago of "catalysis" is lost by tho need to
use lsge amounts of buffer or neutralizing bases if a Nrge capacity is to e acteved. FR:- tie hydrolytic
hyptillorite reaction with GB, .t the phosphonic acid anion and fluorido anion are produced as
indicated in the prvious equation. Reactions of GB with DS-20' and CLdIt (or ADP) am vigorous md

rapid.-

Thu0 problem reabd to salt disposals from GB flauttalizatioll wactions with valious strong
baes is now wall know 2 3 2 5 1e iray-ryitng operation rsults in 1h0 traco "regelneaatiou" of (B
alid the netd for Special proedui io prevent emiSsion of GB into the atmospiere. Vor tlis ruetioi,
it night Wn desirable to produce a nonaqucous coinbustiA product from the neutr0alization Stage
which would allow dimet combustion witlhut spray dryin,. "is approach has not bcen tested, Early
in the program for disposal of tie war gas identification sets, the decsion wa made to U'oid i
salts bcausIe of icrteased disposal problemfs caused by their presnce. Conscquently, aiuuocthauiobuuint
was widely cmp!oyed as a decontoinanut. Howaver. this reagent has not beta evaluated against GB, not
h-s the colmbutioa of the products betm studied, to asswss the p ibility of emison of ($ reormed
durfig that combustion process. The 11 action hes been iuwctigatd,6 8 howeve, in coau ~timu with tus
of min tha mino as a scrbber subtance.

fcnklalt, .. SmXn1ier, It. Z..' aid Porter, C, Quarterly Progress Repor. Reucch haM No. 3397. (*vaton Red
* fi6t, Defate Research Bta h. 16 March 1973. UNCLASSIFIED Report.

i *DS-2 is 2 sodium hydmidc. 28% 2.ntihoxycthunol. and 70% diethyleaelrhsuine, al by wight.
st C-ir *tt .L' *~ h . hydrtt. trot 'ia t.t ., 2.tt. .. L,..,. tI.. tw1 by
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lf Decomposition rates for GB in soil and in seawater 6'2 6 have also been reported. The half
life in seawater is about 8 hours at 25'C; whereas, for reservoir water,27 the values qt 25*C are
237 hours at pH 6.5, 75 hours at pH 7.0, 24 hours at pH 7.5, and 7.5 hours at pH 8.0. For soil, the values
are 2.5 to 25 hours at 150C depending upon moisture content. 6 Wet soil could Possibly afford a
moderated, useful, slow decontaminant for GB.

2.2.3 Analysis. Various reports have appeared on the analysis of GB residues in aqueous sodium
hydroxide or sodium carbonate. 8 ,9,25 ,28,29 As mentioued under the analysis of GA, extraction of the

* brines with an organic solvent, such as chloroform, was followed by a wet chemical method of
analysis 10 15 or by a GLC procedure. 8 ,9 ,2 5,2 8 ,29

2.3 Pinacolyl methylphosphonofluoridate (GD).

2.3.1 Selected physical properties. Pinacolyl methylphosphonofluoridate is appreciably less soluble

in water titan is GB and the boiling point is 167,C.3

2.3.2 Decontamination.

* As with the other G agents, reaction with sodium hydroxide is considered to be the best
method for use with munition fills. However, the lower aqueous solubility of GD as compa-d to GA
and GB necessitates the use of a mixed aqueous-organic solvent if the decontamination is not to be
unduly prolonged in a heterogeneous system. Blecause of its higher Pttsh point, 2-nethoxyethanol 3 0 is
reoniimended for this purpos over methanol or ethanu! and ha beon reported for decontamination
in a mixture containing 70 parts (wiw) of the organ; swn with 30 pats (ww) of 50% aqueous

sodiual hydroxide.

0 0

13C-p + ZNuO I1"C-0N+ +
- CI-I(CU 3)C(C1 3 )3  O-(C(S 3 )C(. C - 3 )3

eli acttion, at. is ooptable to that for GO, with a ruported WHIplete desuevlon withiu
5 f)inute _n excess 5% aqueou soium hydroxide. -3 The eat of maction shol td be Commpab*W to
that caiv for GO (-44.4 kca!/tr~le), a th/ sai eaving group is isvoved (table AI).

2,3.3 Analvs. P-edures for GD a W shifar to tho4c desriht for the otho, onopho~phales;
C.g., eoxtrae~ion from the bfib, olowd by s liquid chtmoatog rphy or a colowimeutic or luo~ot M"': analytic~al nmehod, Sd 6S 8.,

-2.4 (-Eithyl S.(2-4iioprovlanlnoethvl) 1e1CbylI)hoshonothioate (VX).

2.4.1 Se.ected physical properties. The solubility of O thy S-C2dii"nopyamiiioethyl) metnyl-

phosphonodtioate in water is 3 gui/100 gln at 25CC md the boili , poAnt of VX is 29qC.13

KoUvW, J. i. Qwarcdy.Ptogmes Rapwt. kcw4.re-h 1Raw No. 3397. Ope=Uon W~e Ht., Wce= Roscas Umw,4L
22 Jaue 1973.
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2.4.2 Decontamination.

Three decontamination systems have been used for bulk amounts of VX; aqueous calcium
hypochlorite (HTH) slurry, acid chlorinolysis, and aqueous sodium hydroxide. Each system has its

* advantages and disadvantages.

The hypochlorite slurry method has the following stoichiometry:*

H3 C-P-SCH2 CH2N(iC3 HT) 2 + 9OC17 + 70I-- H3 Cj-0 +

OC2H 5  0C2H5

HN(IC3H7)2 + S04t + 2CO 3  + 90" + 5H20

It should be noted that the stoichiometry written for this reaction is an assumed one, which
is based on partial and fragmentary evidence. The estimate for the heat of reaction also appears to
have many uncertainties.** However, the calculated heat ol reaction (from bond energies, etc.) of

V,:' 685 kcalhole agreed closely with an experimental value of 675 ± 13 kcal/moje.t This may be a
fortuitous result. In view of soine of the product complexities obsmrvcd in a similar type of reaction
with H (sulfur mustard, to be described later), this decontamination can only be recommended
cautiously Should a high degree of Certainty in products and thenuochomistq be rcquired. Tho quoted
fist-order rate constant is not well defined. It is known that the reaction occurs in stepwise fason,
and the sequentia stoichiometty is not known. Ceay, additionl work shuld b pafond bf

utilization of Us 111ction li a d prow.

VIC eXPOninxontay detemine11d first-order rate Const"Ant is approximately 0.01 seC1., UsinWuO r I - he. -V Iio,-t ti i
1W vau (or the beit of Ieaction of approximatcly 700 kcolte. the ldat rise equatini

molks of VX (275)
T CC) e* alonsu of 10% IlUt. (46pten, 1., ~3May 1973; wte footo). Mlthough the reaction is
thlorctkzlly a rapid one, in acluaity it occurs zxv, lowly thn prcdictc4 becue of tz hctt""renou
nagture of tha system. It W"- considercd for Oha dconiiaizatiout of VX I dsP ros l -;ac< at 1oock-viy t -d t Wt " ty

jArmy IS.20 but it wu fond to ble lc- cfective th4an wus acid c luvinolysis becausa of the PObiiy
of inomplete, reaction iif the pi value Falls bWlow I I. To uvwd this, a larg excess of hyp ori w
rq d uir4d. D-truAtiou oi VX was.t")o foul to be bater thUn 99.9999%.

Epstei. J., d e xrl Arnca. DWpiet, on Voftn to (Tif, l kr xWliiNV Offike. l41 of R-tioa of VX with
Alk-li e lad ,Wutio. 23 May 1973. UN&LASSW1UD spxioo Fort.
ftdrto, 3. V. Priva ccvwrunlcto. Mt. Piutditto etinuked that the C-4alncit we utiuzcd h" iaaccunaa
Of tht OCcr of I0M. Cn usdT aisirnal cndi,,,u. dUe to hnrt t-on to the sMA,

t k aok"s, 3. 3. Qultliy Progrcu Rvport. RctPAh Ma No, 3397. OpetW.tio Rod list. kcavc Oaa-a
.2 Ju 1973. UNtASSMflED URqo4
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A second system involves avid chiorinolysis of VX; i.e.,A

0 0

H3 C-P-SCH2CH2N(C0H.) 2 + 31 2 + 4H{20 -~H 3 C- P-0OH +

O 2H 5  0C2 H5

CH CH2 Nti0C3 H'1 )2 + 6HCQ

As neat VX may burm on contact with chlorine gas, the VX was first diss3lved in 1.5 N hydrochloriv
acid. T1he chlorination was highly exothermic and rapid [half life (,1) is 1.2 minutes at pH 41,32 it

reqire colin, ad i ws found to be 99.999999% efficient. A major lhmitation of the method is

the high corrosiveness of the mixture to metals, such as those that are present in the ECS.

The third decn, tarninant for VX is sodium hydroxide, either in en aqueous or in an
organic-aqueous medium; i.e.,

0 0

H3 C- SCH-2CH2 NCfl3H17)2 + 2NaOH - oH 3 C-P-ONa + NaSCH 2CH2 N0C 3 i1A,72 + It-')

0C2HS 5 H

The half life of VX at pli 14 P 1.3 minutes; but, because of its low solubility in water, the reaction
requires a considerably longer time unless an organic solvent such as 2-inethoxyethanol is included.
Using 10% aqueous hydroxide, Monsanto03 3 reported the destruction of bulk a'mounts of VX in
6 to 8 hours at ambier temperature, with air stirring.

Similar studies were reported by the Navy.3 4 A tuiai of 12-IA gallons of VX was decon-
taminated using 150 gallons of 10%W aqueous sodium hydroxide (air agitated) in three stages (50-gallon
addition, each stage). The solubility of VX un-4 incomplete, initially. The last two stages employed
heated sodium hydroxide solutions. The tiqlk jir the "complete" decontamination was 6 to 8 hours.
The solubilization problem indicates that this method of decontamination will be unreiable unless the
mixing procuss is very zrdequately controlled. It must also be noted that, if the reactinr VX contains
the "bis impurity" 3 5 (1), th.e action of base will generate the refractory substance (l1y,, w)h ~iij wW i no
undergo further hydrolyl'is.3 5 Thiis substance is highly toxic and by itself woud no pssDea~r!Me
of Transportation standrrds for transport to a disposal site; however, the amount of bis in VX would~
normally be 1'ss thai, i0i%.

0 0
~iC 3H7  iC3H7

CH3 -- SC 2CH2 N -~C 3 -P -SCH 2 CH2N .

--iC3H7  I
* .SCH 2CH2~ N iC3 H7  ONa

-A 1

F .I I 1 .



In addition, results reported by Southern Research Insiitute2 indicate that similar caution
must be applied to the toxicity of products from VX-hypochlorite reactions. In these studies, it was
shov a that DS-2 or CD-l decontamin~lon of VX yielded products with toxicities that were much
lowei than those achieved by the hypochlorite method. Even after 30 to 60 minutes of decontamination
time, the latter mixtures remained highly toxic.

Ad hoc thermochemical (thermal profiles)* studies have been conducted for M55 warheads
and M23 lend mines containing VX which were allow-ed to react with circulated mixtures of 100 pounds
of HTH in 120 gallons of water. T'hese tests demonstrated adequate control of the temperature rise of
this reaction under the specific set of conditions utilized.

The subjects of hydrolysis of VX in seawater and decomposition of VX in soil have also
been reviewed.6 In the former case, the hydrolysis of the "bis analog" (I) would give rise to the to'dc
refractory producL: (II) aforementioned. Hydrolysis in seawater would require up to 400 years to reduce
VX toxicity to 1/1000 of its initial value. In soil, VIX would undergo approximately 95% decomposition
in 10 days with tewperature, organic matter content, and perhaps moisture content being contributing
factors.

Under current investigation"* is the detoxification of VX using sodium dichioroisocyatiurate
("Fichior") for disposal purposes. The reaction is preferably carried out at pH 6 or lower. Products
are variable, and definite kinetics cannot b-1 established because of the sequential nature of' the reactions.
A precipitate of isocyanuric acid Is produiced as a result of reaction. Detergents are found to be
ineffective in promoting solubilization of VX in the solution in order to speed up its destruction. The
reaction bears similarities to the reaction of aqueous bleach with VX, but the reagent is less corrosive
than. bleach.

Wtf the three aforementioned methods, ono would tentatively recommend the ctilcium liypweidorite
slurry procedure for the ECS provided that a suitable analytical method were developed (see below),

' M Te acid chlorinolysis is too corrosive and the sodium hydroxide reaction is nonhoniogeneous mid
reatively slow. Lack of a sufficient data buse procludes coiisideration of sodium dildoioyanurato.

2.4.3 --Analysis.

A variety of sensitive methods has Ween devoloped for the estimation of trae, amounts of VX
However, a considorable number of problems have beon oncouatewd in thoir applcation to decontaminalnon1

* ~solutions because of the pi-enc of nuraerous byproducts.f lo the procedure involving acid chiaiolysis*3
the solution was made basic; to pH 10 and was extracted with diclroinothatio. Vie VX in the extraut
was determined fluminitecAlly usin& iiidole (sonsitivity, 30 IWI/ of bWine), enzymatically, after TL.C

* " ~Kokalam, J. J. Quattetty PrtSwu I;Wadw. Reieudh M~an No. 3397, Operation Red Hlat. DCfcUs Re=Vauh Srawh-
22 June 1913.

SHovutec, 1. W., Davis, G. T., and Epitaln, .1. ChomfooI Syumnt Lzboratevy, Unpubied resuhs. W 78i
t Winr, .,k~dewodAtunatl. D mll Progresu Report, Onijdbus Prog-twn "I OWtber 1976. UNCLASM1IE1) Report.

Wa~WO ., "E4kWo Aidca. Da"~j Prtoe IRopw, Ornnbus Prkoaai 4 PFibmuty 1977. UNCLASSIFIED Repwt.
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separation (0.5 pg/1) and by a GLC procedure (40 pg/1) with a detection limit of 4 ng. RecCnt
laboratory experiments involving gas liquid chromatography of VX extracts from chlorinolysis brines
indicated a considerable number of interferences and greatly reduced sensitivity.*

In the analysis of VX from HTH brines, problems have arisen involving poor extraction
recoveries, which have not been resolved, and sensitivities have been low (600 ;tg/l of brine).** Yet,
detailed procedures have been described for such analyses from dilute HTH solutions.3 6

2.5 2,2'-Dichloroethyl sulfide (HD).

2.5.1 Selected physical properties. The solubility of 2,2'-dichloroetliyl sulfide in wa$er is 0.1 gmil00 gm

and the boiling point is 2150 to 2170C. 1

25.2 Decontamination.

The two most widely used decontaminants for HD are 2-aminoethanol (monoethanohunine,
MEA)3 7 ,31 and aqueous calcium hypochlorite slurry. 1 The use of MEA has a number of decid'id
advantagest including: relatively high flash point, relatively noncorrosive to metal, inexpensive, relatively
stable, homogeneous reaction with HD, moderate heat of reaction, and volume ratio of only 5:1

* required. The compound is sumewhat toxic (threshold limit value is 3 ppm). 3 9 The reaction of H)
zad MEA is given by the equation:

-. C1

(CICH2CH2)2S + 2HOCH2CH2NH 2 - HOCH2CH2 -N S + +OCH2CH 2 NH3 0-

1 H I

The type of reaction represented by the above equation had reelvod attention in the open
litorature,4 0 but quantitative studies of products' kinetics and titermochcnistry were not toported. A
decided advantage of these systems is the absene of inorgpio salts i the inal ,dispomition p-occ W.

The half life of the tmaction was uported as eiung I I minutes a i 57"C and 40 ||inutes at
44*C. T. heat of reaction at 50C was .AO kcal/mofe, which was the initil temperature at which the
decomuiniatioe was ussually carried out. Above this twmperatuo, the heat of reaction lioraed

-.- significantly and cooling was meqnred with a 5:1 v/v ratio of WfEA to HD: tho adiabatic tomperaturW

Yurowv, V. W,, n Vl . L unpubilihed rcths, 1979.
SWaqaei, P., Udgowood Arsnal. Dfflr Progreus Report, OiMibus Ptomui. 21 October 1976. UNCUASSIFIED Report.

WaW, P., Erdgew'e A in. Deind ProgNks Repot. Otunibus Pograo. 4 Februsry 1977. UNCLASSIED Repom,
Crumb, .A., tdgowood Armk.O Dpositlon Form to Director of Nhnufuetusin Tedhuo , Do inOG ati of

Toxic WAr Gas Scl. U0 Mah 1974. UNCLASSIFIED Dposltlo Fori.
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rises were from 50*C (initial) to 113°C (final) and 65°C (initial).to 151 0C (final).* With the MEA
method, residuel amounts of HID from batches of 60 gallons of HI) and 300 gallons of MEA were
<0.25 mg of HD/l. 3 6

Studies have indicated that, for MEA with chloroform present (as in kit solutions and in
certain munitions fills, e.g., chloropicrin), a delayed, violently exothermic reaction sometimes occurred
in closed vessels,** which required that the mixture be heated in an inert atmosphere at 1000C to
destroy the chloroform prior to storage. But as chloroform does not accompany HD in munitions,
this treatment would not be necessary.

The above-cited hazard of a slowly appearing exotherm, which nevertheless results in a
violent runaway reaction upon storage, is not an isolated instance in the history of stored materials
resulting from disposal operations. Detailed methods and apparatus are now being developed for safely
eliminating the appearance of such unpleasant surprises. 4 1 Analyses of various systems are performed
by computervcontrolled adiabatic calorimetry with computer data processing. Other approaches to the
problem have been the previous use of DTA (differential thermal analysis) and DSC (differential
scanning calorlmetry), but the approach cited in the above reference develops much more complete
information for analysis, if an actual problem exists. Detection of the proulem should be adequately
performed, however, by DTA or DSC or both. It is recommended in the present operations that such
studies be run on all stored detoxified materials flo to substantial use of the method or to transpor-
t tation of the resulting iixture of chemicals, Hidden exotherms in the gununy mixture from the

-S, explosive containment operation and the subsequent decontamination operation would not escape
recognition.

Aqueous reactions of H or HD are generally to be avoided because of the solution problems
and the heterogeneous nature of the reactions, This results in uncertainty as to completeness of
reactions and greater difficulties in coatrolling or modratlng the reactios. Although bulk quantities

of HD cmn be decontaminated with aquoous bleach (such as HTH slurry), and an assumed stoichioinotly
(worst ca-) may be utilized for the reaction, the atut products may conain many poorly idenlified
matoriab whose toxioittms have not beon WsOsd.4 2 For OX3aiupoe, among the pjXucts detected fjom
lwIlogmi wactions (usually in carbon towadloride) with sulair mustard o the followiag:

UICH CH -S - CIHU

x 111 3C .S "

.. C C-S-C aC S S
H Y

CH3

IV V
:-,;. ,ClCH2C1t2S (0U=C'1tO

VI

cinmb, V. A., ftdowo-W A~rai. Dzposion Forni to )hreto; of Mufuadqin Uchuwogy. Wcxaudlttwi of
Toxe Wit Gas Sets. 2 Moh0 1974. UNCLASSiFIWD Woition Foni

$ Carab, H, A., ldgewokl Arwitc. ou , t V Fon to Difcctor of Moufawtuia-' T%nmlogy. bwon tloa of
Toxic War (W &m I8 Drcubt 1974, UNCLASSIIED U  lfi"o Foi.
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Cold halogenation of mustard has been shown4 3 to produce an unstable adduct VII which decomposes
to give a mixture of products containing VIII and IX.

(ClCHCH )-S®- X X0

VII

CR 2 -CCI-S-CHCHC lHC -- HC f

VIII IX

Other reported compounds include the sulfoxide X:4 4

CICH2 CH2 -S- CHC - CH2 C1

0

X

Because no complete materiai balance on the reaction of HD mustard with various bleaches has been
achieved, the absence of the above products cannot be assumed, even in aqueous solutions.

So-called "kinetics" of the reaction of bleach with mustard cannot be analytically interpreted
or applied predictivoly on any basis other than an ad hoc situation identical to that reported, The
reasons Pro that the stoichiosnetry is indefinite, and the sequcidial stoichiometrtios are unknowns. Thus,
it Is Impossible to choose a mathematical model for the reaction. A worst-case stolchiomotry can be
assumed for calculation of the ultimate capacity of bleach systems. That stoiclometty is as follows:

)(C312 0) 2 5 + 7Ca(0C1)2 + 2Ca(OlH)2  0 CaSe 4 + 8CaC12 + 4(X0. + 61120

Tho use of aqueous sodium hydroxide solutions for decontainination of HD has been
espoused;? but, kinetically, thoe is little basis for effectiveness at or near ambiert temperatures.
Furthrmore, if hydrolyzed in waterA45 derivative of vityl s6ulfid" arm produced, as Well as are syrupy
residues containing vatious addtuets and condensates (some of which! ato sut&,niurn deivativcs) of
musta-d aid "somi"-mustaxd (hydroxyethyld iorothyl stdfid), loading to a residue that con only be
poody characterized.

2.5.3 Aalysis.

A teclmique has been reported' for the asay of HD in 2-minothanol. le Solution was
mixed with 10% aqueous sodium Chkde to facilitate ektrsetiou and was extraited with hexano,
which w,- then injected direetly into a GLC systoni, 4 6 Amounts of HD) down to 2.5 ppm in the

!* analyti; solution wore readily detenied. A similar procedure was used for the analysis of HiD in

* Crumb, "V. A,, Edgewood As.a, Dispttiolo Fom) to Director of Manufi&;uring l'chrtolo. Doteciluou of -Apwts
h Occonrajuitcd Ttsl War Gas Solutions, Undated. UNCLASSIIFIED l04poswmi Form.
Crumb, 13. A., Edgewod Aric ul. D~oition Fomj to Director of Manufzcuinjg TechnuoV. Simplifid Methods
of Ansiis for H, f1)i, and tN-I in Dcoawuzaratcd Toxic War Ga Reation Product Soiutos. 20 Mach 1975.
UNCLASWM) Woi Frm,
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bleach solutions with a sensitivity of 1 ppm HD in hexane.* Further detailed procedures have been
* '- described for analysis of dilute HTH briies containing HD.36

An interesting artifact substance occurring in mustard samples was found during a study of
pressurizing gases for DS-2 dispersers.** This substance was not readily separated from HD by GLC
and interfered with achievable sensitivity limits for analysis of the HD. Mass spectral evidence was
consistent with one of the following materials:

CH 2= CH - S- (CH2) 2 - S - CH= CH2  CH 3CH 2 - S -CH = CH - S - CH= CH2

•,XI ' XIIH

I XXIII

4 This substance will therefore probably not survive the attack of oxidizing decontaminants and it poses
, potential interference only in the case of alkaline (base) decontaininants sucil as DS-2 and CD-I.

- The DB-3 technique 14-(4'-nitrobonzyl)pyridine, 47 has also proven to be valuable for the
V.' estimation of mustard in the hexane extract either by silica gelhimpregnated glass fiber sheets or byS the M 18 detector kit blue-band tube, Sensitivities of HiD in the MEA solution were 2.5 ppm for

each O* the methods.

2.6 Nitrogen mustards: bis(2-cldthroethyl)thylamin (FlHN,1, bs(2-ehloroethyflhethylauine

* (fN~2) an trl( 2~ldooethl~arine(tN-3).

2.6.1 Seickd ptysical propeLties. Th compouid HN-I has a solubi.y of approXilately

0.5 4g1000 gm of water at rnbient temperature, 6 it has a boiliig point ol 85)C at 10 tom. and it
decomposes on boiling at atmospheric pvssurc, Te ag-it HIN-2 has comparable solubilit to -N-I,

with a boiling point of 75C at !0 mm. 1te compound tN-A is apprcuiably IOs soluble thanl the
Other two nitrogen jw.ard& and it boils at 1380C at 10 mm.3

[ } .- 2.0.2 - Ucuout minafion.

Th1e ntrg musitards hydrolze i.1 water to give toxic products, 4 8 -so that basic solutions
aic pseforablet for decontamination. The hydrolysis ha life of HN-I In dilute. sodium hydroxide was

Wsgner. P., Edgewo ns A . DrspoWtton For. Alys of HD in Aquow 1"tt Soluaflu (Qutn bs Progtan).
21 July 1973. UNCLASSIFIED tiposltion Fin,

4 thDs-A, L, W. Quartcrly Portess Rcpoir. Research Plan 3350. Toxi Agent Dcsuterit and/or Removal. D.fetse
" BReselIh , Chletoda Laixattuoy. LidgowoWd Asal (Ai O). 17 Stptmbcr 1976. UNC!ASSIWID Rtpod.
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described as being 12 minutes at 180 C; but, because of the limited solubilities of the nitrogen mustards
in this mediumr, a 2-aninoethanol decontaminant was preferred, with the reactioi for HN-1 (and
presumably for HN-2) behig given as:*

IC 2 H4C1
C2HSN c + 3H 2 NCH2 CH2 OH -. CH3 CH2 -N N-CH2 CH2UII + 2HOCH2 CH2 NH2"HCI

2 C2 H4C1

The general reaction typified by the aforementioned process (amines with nitrogen mustards)
has been reported in the open literature.' 49,50 Kinetics have not been studied previously.

Kinetics for reaction of monoethanolamine (10 volumes of MEA in 1 volume of chloroform
4. solution) were obtained** at 25', 350, and 450 with chloroform solntions contairding 10% (volume)

"IN-1. The yield of N-ethyI-N'-hydroxyethylpiperazine (based on HN-i) was 99% ±10%.

Table 2. Reaction of HN-1 with Monoethanolamine (1 Volume of
10% HN-1 in Chloroform to 10 Volumes of Monoethanolamine)

N
Temperature ko

OC mlii' 1  11-114 I
25.1 0,020 34.6

A9 0.060 11.5

_ _ _44.9 1 0.137 5.1

AThe therloulomistry of this reaction h li rot ken stud1ed, but one might suspect Cmiiazitles to the

evaction of MEA and HD (table A-I, appodix).

1Thro has becn no study of aqewous oxidative methods of decontamination ft the litrogen
* mustards, except for sonwi oxplofftory work,t A stirred ehlowfom soltion of UN-1 in the p ,sc
of aqueoas Chlorine dioxide oxidant was shown to give a slow heterogeneous reaction. About 85% of
the chlorne, dioxide was tranforrcd to 10 Ch!orofonu phasx The reaction wa s i furtheri ! claraeterzd,

* Oet"ueweshanh Iidgtwood Aisenal. r~lspition) Penn. IliDsumaaa Of UIN-! hi Qderroeu ti. Wo
tG Idesicetttuon Iks. 1974. UNCLA If EDkD Wpod1on Fon.

Cumb, I& A., Ugowood Atsdeiw, Dipsirioft Form to Dircctot of tahufnctudng tcl'dwogy. Uw of MEA as
DecoitsuJnant fot Agmits in Kit. 25 Novembar 1974. UNCIASSIIID %1)ioMliOn Forml

4 ~~~ Pistsifo, J. V., Davit, CG. T., 31d E-pszImn I Quancxiiy I rogfelsj Report. PWseeih Ilia 3393. Ucnstalno
Agents in Wsir Ga Identiflcatuow Set. Pkfea Resech h %$ b, Chteal Laboatoy, Ikewood Aiieia (A .,
10 Jwu 1974. UNCLASSIID lrel.t,

1 Sart, E. W, Quarerly rogtnsa Report. Ueeanthi Pian 3394. iefine RCseardi Division. M41t01in.atlc of .g4nta
ill the Wa (ziU m ScatinSlet, WIU AN-M IA, iSN 1365-323-7782. 22 Sue 1977,, UNCLASSWU
Report.
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The reaction of nitrogen mustards in water proce.ds in two steps through a substituted cyclic

azilidinium* ion.5 1 The first step to form the aziridinium ion is reasonably fast, but this ion is toxic 52

and relatively stable and it may be present for days or weeks in aqueous so.ution, depending upon the

nature and concentration of nucleophiles present in solution. 5 1

sewteValues have, also been obtained for the seawaer solvolysis** and disappearance of HN-1. In

seawater, the rate of approach to the equilibrium concentration of aziridiniun ion underwent apparent

increase, but the equilibrium concentration of aziridinium ion was depressed. The apparent half life of
IHN-1 at 4.50 C was about 25 minutes. At 25*C and pH 7.88, the half life was about 1.5 minutes in
seawater. A half time of hydrolysis of all toxic materials from HN-1 was calculated to be about
12.5 days at 50C in seawater.6

No study seems to have been made with HN-3 and 2-aminoethanol; but, as its general
chemistry is similar to that of other nitrogen mustards, it is assumed that HN-3 can be deactivated by
the reagent.

2.6.3 Analysis .

As with'sulfur mustards, nitrogen mustards were determined by the DB-3 reaction. With the
use of DR-3 impregnated-glass filter paper tickets,t the hexane extract of the MEA solution gave a

.: positive test at 2.7 ppm of HN-I in the decontamination mixture. This reagent was also employed to
.,,,. detoct HN-i, HN-2, and HN-3 at 100 ug on TLC plates coated with silica gel.

A gas citromatographic procedure 46 (Crumb, E. A., 20 March 1975; see footnote) was
developed for the assay of HN-1 in 2-aminoethanol solutions, which involved initial addition of 10%
aqueous sodium chloride and extraction with hoxane. Amiounts of agent down to 3 ppm in 2-awino-
ethanol were nre ASuMd.

" ':. .7 ito.rOV.inyldkhk!roasit .(.!wisi.e, 1).
2 7 ;W.

2.7.1 'Selcted. physica propitris. Lwiste is Meativoly insolublo in water, 0.05 gil00 gin, ad it

has a boalig poilt of 190wC (refornce 1, pMgO 290),

S 2,7 ,, , l'cotawniltloi.

Athou)h kiwisito is. only slightly water soluble, it m-acts rapidly and is hydmlyzed to the
14atfivoly loxic ad insolu1ie 2-i.!orovinyi amsine oxfdet (referenco 1, pago 291). More offactivo is

aque.ous sodium hydoxida, whch gives the less objectionable, but still toxic, sodiUm 4 te. Pvinu3
,. dilal of anicai ptduct t~oi rnwaitins invoivwd brial at twa.53

Va ton is $liativtVRne 0Jcd C he vi a.nulfudi ion.Y
)a4, 4, G, T., ik .k, - M. awtr L W,, aid MNh., , 0. QuArtetiy Plxr~s Report. Restch Pnao 3391.

Pe'feixe lz-arlh 1h'Nision. BeLhavior of ChIcAl Agnts Undcr C oidtio" of (ikal Di*a Oprati..
•22 lui 1972. U N.I(tSSMOD Rori.

t Ou'nb, 4. A., ftwood Aena1, DNhsoo Fomi to lawsot of MToifaerilg dtclhnopofy. Shmt,!ified Meth1od of
, '- Anys4 fot U, 11D, iDd HN, in )Ou1*naiated Toxic War Gut Rac ton Product SolutIML. 20 Marh 197,

Y" o e
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Some reasonably comprehensive unpublished reviews of the literature- on lewisite were
accomplished in connection with "Decontamination of Agents in War Gas Identification Sets"* and

chemical disposal.6  As mentioned above, hydrolysis in water is rapid to produce a bummy residue of
lewisite oxide, which is in various stages of polymerization (depending upon age). Rates or mechanisms
have not been studied. The thermochemistry has not been studied. The reaction with bleach is poorly
cha:acterized (Sarver, Research Plan 3394; see footnote). Stored lewisite contains three substances:
lewisite I (L-l, 2-chlorovinyldichoroarsine), lewisite II (L-11, bis-2-chlorovinylchloroarsine), and arsenic
trichlorlde. Hydrolysis in seawater is instantaneous (reference 6). Vesicant action is retained in soil for long

periods of time (lewisite oxide). Oxidation of the lewisite oxide to the pentavalent state markedly reduces
the toxicity. Because of the general toxicity of arsenic compounds (even in the pentavalent state), ultimate
disposal presents some problems.

Reacticn of lewisite with monoethanolamine has received some detailed study.j The reaction
consists of a very fast process followed by a much slower reaction. The fast process has been

* - characterized kineticoly, thermochemically, and (partially) stoichionietrically.tt The slow process involv
., production of acetylerne. The reactions are believed to be as follows:

C CH = CH - AsCI2 + H2 ,JCH 2 CH2 OH -- kI CICH = CH - As =NCH2 CH2OH + 2HCI'MEA

4" N

As
HOCH 2 CH2N As -NCt 2C 2  C2 2  MEA + MEA,"-,~?0 C 2H+ + H C I 'M A + M -

1 2C -0

iThe first step ias an Arrheniue activation energy (Ea) of 16.4 kea!/mole and a
* ; preexponential (A) of 3.03 X 1010 second- 1, 1. t half life at 25(C is 244 so onds. Snsitivo analyses

for r(sidual lewiite in m oethanokinine hkvo offered sozie difficulties. Thermochoutistry of the
lewisite-N.MA reaction was also studied. The ),eat of reaction (Alt) was -41,0 kcal/miole bms.ed on
lewisite. Products pasej the Lepartnwnt of Transportation toxicity test for transportation (lcu than

i.' class B poisons).

* Sarver, E. W. Quartetly 1'rogmts lpovt. Resuarh Plan 3 94. lefense Restolh Divloi. Lctntwtlon of Agents

in War Gat Identificattua Sets. p. 2. 10 Juuo 1974. UNCLASSIFIEI) Report.

• "pitetn, I.. Rnsenbl:tt, 1). 11. (Thlacto, A., ad McTcagu. , W F. thlaft Report to Commadii Giencral, US Army
Muiftions Command, AlIN: AMSMU-MSC4I, Dover, New Jenoy. Subject" Chenical Disosal Operat ii. Sumiay

. "Report mi a Dat4 UIsd ftr Proditing 0xisc-queswe of ChmaicWj Dispo)ta U iS. ? O'tober 1972,
UNCLASSIFIED Report.

4i Ef sn-a, i. ,, L.. Phtdttto, J. V, mid Jowns, L. Stts of LiitcMoi thanofamtto Investigatiots. Lettr Ryoit
from L. Et , Pollutant A2tement Brasdi, Eui, nontal Rceanth Divisuti, to Diracto" of Mwiufacturing Tt-doWy,
ATTN. SAR.A-NMT-t/Mr. J. Gsheen. 24 January 1977. I..NCLASSIIE.D Rapor
Caumb, E , A, Edgewood Asetnal. I0ispositioll lou to Director of Manukaturing T clhology. Dcmitaninatioti of
Domnage from the K941.2 aid 951-4 Toxic War Gas Sets. 18 Match 1975. UNCLASSIFIiD Diwpostioil For.l

tt The overtall stoieh.dimtry proposed is 4 n1oles of MiCA per mole of lewisite.
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Much work has been reported on the reaction of lewisite with sodium hydroxide.* The
reaction of lewisite with aqueous sodium hydroxide results in the formation of flammable acetylene;
i.e.,

QCHCH-Asa 2 + 4NaOH-- NaAs0 2 + 3NaC1 + C2H2 t + 2H 20

The decomposition was found to be essentially instantaneous (i.e., complete in <10 seconds) with a
heat of reaction of -102 kcal/mole. An 18% w/v aqueous sodium hydroxide solution c'ntaining
0.1% w/v of the surfactant hexadecyltrimethylammonium chloride and 0.2% w/v of the defoamer
2-octanol was recommended for the disposal of 5% of lewisite in chloroform and the agent was
assumed to be comtnletely destroyed in 15 minutes.

Lewisite is often accompanied by appreciable amounts (ca 10%-20%) of the vesicant L II,

[dichlorovinylchloroarsine (CICH = CH) 2 - AsC1], which seems to decompose appreciably more slowly in
_ aqueous sodium hydroxide than does lewisite. While L II in chloroform solutions of lewisite was found

to be more resistant than lewisite to aqueous sodium hydroxide, the product solution passed the
standard Department of Transportation test.

2.7.3 Analysis.

t, The recommended assay of lewisite in aqueous sodium hydroxide was somewhat involved**

and utilized the reaction of the acetylene produced from an aqueous copper (I) ammonia complex to
give a red copper (1) acetylide precipitate. The precipitate was determined either iodometricaily
(sensitivity of I ppm in decontamination solution) or colorintrically by a copper (11) ammonia
complex (12 ppm).

Lewisite was also assayed by gas liquid chromatography aftor extraction fronu the aqueous
phase by chlowfonn, but t wseitivity was quite low at 700 ppm.

2.8 Moel(G)

2.8.1 teeted physical proteries. to boling point of phosgno is 8.3'C. Athough the solubdity

of phosgone in water is relativoly low, 0.03 Vii/100 gi (refo|rnce 1, pap 65), the compound rapidly
decomposs to give wator-solubie or gascous prioducts,

....8. eontam ination,

',The most usofui m riitu 'or the dcstruction of phisga is aquaou sodium hydIoxideT
- (rot'oreuc I,* page 6S).

* . -~e~j)fa Rcuch Btanch, Ptdgwcood Arsmnai. DipoStiion Form. Dm-ontamitatlon of Lwiatc in Chmofoam

Contained in the K951.4 War Gas Identification Sets. 1974. UNCLASSIFIED t ipoation Form.
i Cumb, H. A., 3dg4wood Arsenal. Diepoatlon Form to DMrectur of Manufat~orhg Technolog. Do tion of Agents in

Deckntamuted Toxic War G:L Slutiomu. Undated. UNCLASSIFIED Dipo&ON Fornm.
t Crumb. Ei. i, ., tdgcwood Awnal. DIporition Foaim to Director of Manufacturing Technology. Decoat alona of

'Pthwicn in Wu Gas IdmifitaUoa Sets. II Jutn 1974. UNCLASSFIED Dipostioua FOMw.
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The reaction of phosgene with water is also complete in less than 20 seconds. However, the
low solubility of phosgene in water leads to a requirement for agitation and difficult scrubbing.

Volatility of phosgene (b.p., 8.30 C) would argue for precooling, if a safe neutralization is to
be performed, whether by water or by aqueous base. Monoethanolamine was evaluated* as a decon-j. taminant for neat phosgene and its destruction efficiency was found to be comparable to that for
aqueous sodium hydroxide.

Residues from the aqueous sodium hydroxide decontamination of phosgene were shown to
be nontoxic** and to pass the Department of Transportation test.

COC12 + 4NaOH--- Na2CO3 + 2NaCI + 2H20

The second-order rate constant was given as 104 M"1 sec"1 at 250C, which indicated that, in 10%
aqueous sodium hydroxide, >99% of phosgene would be destroyed in 0.2 millisecond.t The heat of reaction
was calculated to be -10 1 keal/mole. Because of the low boiling point of CG, it was recommended that the
reaction should be run at 00C with several aqueous sodium hydroxide traps. One reference on the destruction
of CW munitionstt reported that CG projectiles were pierced during winter under aqueous sodium and
calcium hydroxide in troughs connected to a trickling tower containing the same solution.

2.8.3 Analysis.

A direct method was reported § for the estimation of C in aqueous sodium hydroxide,
*" which involved reaction with a mixture of pihnyl-l-navphthylamine and p-dimnothylaninobenzaldohyde

to give a grSen color at 2.5 ppm or greater.

Several GLC procedures also have been described for phosgene54, 5S with sensitivities of the
order of IO"3 ppm in air. In addition, the DB-3 reaction56 ,5 7 has proven to be sensitive to <0.1 ppm
of phosgene in air.

1.9 flydrocyanle acid (Aci .

2.9.1 Selected physical properttis. Ilydrocyanic acid tas a boiling point of 260 C and it is com-
pletoly sniscible with water 1 The anhydrous liatoial is subject to explosive polymerization in the
p jYsenco of b SOs,58 but it is relatively stable when mixed with sinall amounts of acids, sudI as
phosphoric. A jet of AC is, easly ignitod and it bunts with a blue flame.

Cnnnb, P. A.. lidgewotu Amsnial. DIspSIrtori0 P0nn to Director of Manlufacturing Techinoogy. lcotniao of
Duniago from the K941.2 and K951-4 Toxic War Gas Sets, 18 March 1975. UNCLASSIFIED Disposition Fom,.

' e Christ n en, M. K.. Physlotoxictdo*y Branch. Toxicology Division, Uloinadite Laboratory. Disposition Poenn to
* Chief, Dccontamhilzionl Reseucli Section, Dcfcnsg Bsanch, Chemical Laboratory. ll oay of Residues froml

II MEA and CG/NaOIJ lkeontamination Trials. 19 Febnury 1974. UNCLASSIFIED Drlposition Form.
t Crumb, F. A., Edgewood Arsefl. Dlspinstion Fon to Director of ManufactrOing Technology, D"ontatlnation of

1 Phosgenc in War Gas IdentIfication Sets. I I June 1974. UNCLASSIFII) Disposition Form.
t: Saver, E, W. Quarterly Progras Report. Rescarch Plan 3394. I)cfcr se Resasrch ivisio. Decontaminatlon of Ageuts

in War Gas Identiflcation Sets. p, 2. 10 June 1974. UNCLASSItiED R eorl,
§ Crumb. E. A.. Edgewood Arsenal. Disposition Form to Director of Manufacturing Technoogy. Detection of Agents

ia Decoa wulnatcd Toxit; Way Gas Solutios. Undaod. UNCLASSI.IEI Disposition) Pon.
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2.9.2 Decontamination. The method of choice for the destruction of AC involves oxidation by
hypochlorite in basic solution (reference 58, page 316),59*' according to the following equations:

2HCN + 5NaOCI + 4NaOH N2 + 2Na2CO 3 + 5NaCI + 3H 20

4HCN + 5Ca(OCI) 2 + 8NaOH-- 2N2 + 4CaCO3 + 8NaCl + 6H 20 + CaC12

Other workers6 0 have reported that cyanogen chloride is an intermediate in the hypochlorite attack of
cyanide ion. The cyanogen chloride then hydrolyzes through isocyanate ion to ammonia (then degraded
to nitrogen) and carbonate ion. The latter reaction is relatively slow. The reaction may thus be con-
sidered to consist of two steps (the first passing through CNCI):

(1) NaCN + NaOCI -NaOCN + NaCI

(2) 2NaOCN + 3NaOCl + 2HCI - 5NaCl + 2C0 2 + H20 + N2 or

(2a) 2NaOCN + 3NaOCI + H2 0,- 2NaHCO 3 + 3NaCl + N2

The second-order rate constant for the reaction was reported to be 2,67 X 10 M"1 sec "1, the half life
was given by the equation t sec = 2.60 X 102 (OCI-), and the heat of reaction was estimated to be
-215 kcal/mole. The reaction was claimed to give >99.99% destruction of AC. Although no meas-
urements were made of the hypochlorite solution, use of a starch-iodine indicator scrubber showed

t: , that less than 0.002% of AC or of cyanogen chloride formed front AC and hypocidorite had escaped

from the system, In the laboratory setup employed (see footnote), nitrogen gas was used to slowly
transfer the AC to the decontamination solution. On a larger scale, as enviioned for the ECS, problem
may ariso because of:

a. le high heat of reaction.

b. The iw -econtaihaiting capacity of 5% aqueous sodhiw hypooklolite

c. hUe pr"ipittiol of calcium iarbouiaiv w tur ltiTH is u.e.

d. Evolution of a large volun of iattrogd gS.

e. Tli possibity of cxplo.ive potyineiizat'on unle.s the AC is iially
diluted with water,

2.9,. Anayst., SCuutitive ut1itiods a available tor Cyanide ioWI S including a iwcfic ion
Clectrod' 61 with a limit of 10' . A tcst paper sonsitive to 10 ppt of hydrogen cyanide in air and

not subject to chlorine interferwactc contahs P-itrobcnzwdhllyde and potaslsim Carbonite. (See foo-mtot.)
The pyrazolono spectrophoton etric mlethod, Wlilc involves preliinaty uiersiiV,oln of Gyanide to Cyanogan

cdoride, can measure down to 0.02 /mtgul of cyaide02 and is widely used.
*it" -L, tl; L~yal ll-esrlt ivhiio, 1Edgwood At~saaJ. Diption Fonn. T ittizon04 of HCN (AC). 2

3 May 1974. UCLASSI WID Dliww~o ti Foma.
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2.10 Cyanogen chloride (CK).

2.10.1 Selected physical properties.

The boiling point of cyanogen chloride (CK) is 13.8 0C and the solubility in water isapproximately 6 gm/100 gin with hydrolysis. 63

*CNC1 + 3NaOH -- NaCI + Na2CO3 + NH3

' The second-order rate constant for the reaction was reported as 6 X 102 M 1 min"I and the half life* wasgiven by the equation t A = 69.3 ms/OH). It was recommended that the decontamination be run at 00C asthe reaction was found to be highly exothermic. As measured with a starch-iodine bubbler mixture,
with a limit of 45 pg of cyanogen chloride, destruction of agent was of the order of 99.9996%.

Other workersN6 reported the hydrolysis rate constant to be 1.55 X 10-4 miz' + 272 (OH) misC1 .
Isocyanate (OCN-) is implicated as an intermediate.

The experimental setup was similar to that for AC, but acid scrubbers were used to trap theammonia evolved. The caveats mentioned for AC decontamination apply also to that for cyanogon
chiloride.

210.21 Analysis,

1The standard spactRopiotomvtWc ethod reported for the- atalysis of cyanogoan choddo wssimilar to t00 pyrazolonle proceduro for cyanid o 62 except that no ia co w uiexctth t no144 chtowination
The strongly basic deconuninant solution was oeuttalized with diute hydiohloria acid and ractodwith a wa aet contaiUng N-phe nyi- 2ethlpyrzo in 4-"icohino to give a Wuo color with a
SCI sitivity of S ppm1 of oyanloe" on hidjx*

2.! 1 ZLP-d Pysicgi

2.11.1 ctcd PY aoperties. lie solubility in water of ciorpicrint is 0.2 gil00 gi ind

* Crumb,.A.. Edgewood Artus. DWwition Form to Director of Manufk'kcus Tccukn . Do"eats &Vanaiz ofToxic War G Set. 25 Novecmber 1974, UNCLASIlED DiSp oo FW11.
.Cimb, Lt A.. dgcwood Artasul flspo&MwmF en to Directo of Manufacturing Tccbnoioey. Dcteedo of ArAuin Decoatuuinared TOXIC War Cis Sfolod Utdated. UNCLASSIMEl Disposleu Poga
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2.11.2 Decontamination.

The two systems that appear to be the most useful for the decontamination of bulk amounts
of chloropicrin are alcoholic sodium hydroxide1' 53 and 2-aminoethanol.* The reaction for the former
is:

CC13 NO2 + SNaOH-.m3NaCI + NaNO2 + NaHCO3 + 2H120;

whereas, that for the latter has not been elucidated, although a pseudo-first-order rate constant of
7.47 X l(- 2 nuW at 340 C was obtained and a heat of reaction of -160 kcal/mole was calculated.
At 50C, the time required for destnsction of >99% of chloropicrin was estimated to be less than
30 minutes.

The destruction of chloropicrin in munitions by alcoholic sodium hydroxide was rapid and
was accompanied by a violent reaction that required that the decontamination vats be covered. 53

Substitution of 2-methoxyethanol with its higher boiling point for the ethanol 30 might result in a
more easily controlled reaction, but the kinetics and the heat rise would have to b determined.

* As mentioned previously," one potential hazard of the 2-aminoethanol system is that a
delayed violent reaction can take place in the presence of chloroform in a closed system. Therefore,
for such chloropicrin fills as the CNS mixture with cbloroacetophenone and chloroform, it is
recommended that the chloroforn be destroyed prior to storkgo by hoating at IO0C in an inert
atmosphere.

2.11.3 Attafysi .

C CUsU of the relalively low solubility of chloropkfin in water, it could be radily extracted
*., by solvents such as chlorfaorm fiom the Zoaritocthauol solution aft'r dlution wih water. Extraction

efficlencies Wer found to be 90%. Antoyis of the extract by GLCt,65 dete-ctd dowi to 5 PPm of
* lidoropierin in the decontwmitutixon solution lite m ority of calcriontvic mtho s fo" chloropkuin

ar.. baed Ulpon! cleavage in bai solu0tion to gve lii aitite arlo 1 followed, b)y a di.zo Coupling
actiolhnt In 0e procdrc,, tho coupling invlved slf.. -lic acid and N ,iaphthyttytnc iistc

with a detectiou of 3 ildm11i 3 i" air.

Aotter typ. of color ruaction involved thc coldeusatica of e1jotopiiri with pysidine to
4 give glutaInitc diadcbyd, 67 with a rporied wlwtivity of 0.02 paIM1

4 * ~Crumb, Ui. A., Etewood Aticua. Wiposition Porni XO [Nrector or MssAUfacIUr4iu8 Ttchnclob'. Doosaranof
PS in the K953-4 War Gl Identirtication Scti. 20 Nich 175. UNLSSFI.ED t io Ponn.

Deense lhscuch Bnnatch, lidg(Woo ArtenaL I~vspo&Uio Von. omUnhAvPait of Chowhxirad (PS) inWUU
[' :ldnicatfoo Sets, 1975. UNCLASSIVI .Ei) Dispition Form.

" Cinnb, U. A., tidtcwd Atwsetl, Dositimo Fksrm to 1rector of M 4&iiufctutiag T h;,sot . DecoataiaaUt o
Texia2 War G : Sii . 18 Dtoeicer 1974, N-LASSIFIED Disosiionw torn,

*i t Cmrub. E. A.. Wd gwoo Ai sna)L Dispotiion Foirn to i ector Mf Mmufaciuting 1tcnaloy. Detcico of Ag4ets
* ~in DeotsAdned Toac Wif Ga Solution. Undxtd. UNCLASSISD D4poatiop Ikai.
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2.12 2-Bromobenzyl cyaniie (B3BC, formerly C)

2.12.1 Selected physical progerties. 2-romobenzyl cyanide is stated to be insoluble or £figl$.W

soluble in water. 1 The boiling pint is 2420C with decomposition. 2-Bromobenzyl cyanide is u,,
in storage except in glass.

2.12.2 Pecontamination. Alcoinlic sodium hydroxide1 ,2,68 has been mentioned in several publicationv
for the destruction of 2-bromobezy-, cyanide although nio values for fates or for heats of reaction

* have been given. If the solution is partiy aqueous, then the reaction is presumably:

* .C 6H5 (CHBrCN + 21410H + H2 0--'OC6 H5CJOHCOONa + NaBr + 'NH3

* whereas, if the alcohol is anhydrou,&en one of the products formed is diphienylmaleic anhydride

0

CA 5 C-C
0

It was observed* that when 2-aininoeffianol and 2-bromobenzyl cyanide were mixed, a considerable
amount of heat was given off, indicaft~g that a reaction had occurred. Thiis suggests that 2-aminoethanol
is a potentially useful decontaniiant for 2booezy cynd.Hwvr ease more is known
about the alcoholic sodium hydroxide system, it remalns the one of choice, with the possible
substitution of 2-methoxyethanol 30 foi- the ethanol.

2.12.3 Analysis.

Both cololmetric and GLC methods are available for estimation of trace amounts of
2-bromobenzyl cyanide. Th'le DB-3 method, which hs a general one for alkylating agents, is QwPuble of
determining amounts of 0.25 Ag/mI of the conmpti, whereas, the GLC technique 69 has a detection

luvel of <3 ng, both from ethanolic solution. A,. 1.btiovobenzyl cyanide is relativelV Amhluble in water, It
sl'ould be possible (as it is for chloropiciin) to dilute the decontamination soi I it water or 0i1
aqueous sodium chloride, followed by jecraction with a soleO 17 41ah as Qhloroformi, to recover intact
agent.

In addition to the above rnethos, it should be possiBme to check the efficiency of desfP"eNn
of 2-bromobeuzyl cyanide by a reported 'ThC technique employing a DB-3 spray capable of ~in
25 p~g of the compound in an aqueous or an, organic solvent.

2.13 Miscellaneous ats. In additi .to the aforeneOf liquid agents, which are the ones
most likely to be present as unknowns it unmrarked murdtitit j number of other cornpounds, 1-3

although much less likely to be encountfred, should be lct~d

*Yurow, H. W., Chemnical Systems Labor~toty. Unpublised vowts. 13 June 1980.



2.13.1 Arsenicals. There are a number of lesser known arsenic-containing agents 'related to lewisite.1
They are all relatively insoluble in water (ca 0.1 gm/100 gin), but they can be readily decontaminated,
as is lewisite by aqueous sodium hydroxide; e.g.,

CH3 AsC12 + 2NaOH ---o-CH 3AsO + 2NaC1 + H2 0

Included are methyl dicbloroarsine (MD, CH3 AsC12) - boiling point, 132-1330; ethyl dichloroarsine
(ED, C2 H5ASC'2 ) - boiling point, 156*C; phenyl dichloroarsine (PD, C6HtsCI2 ) - boiling point,
255-2570 C; and diphenylchloroarsine [DA, (C6H5 )2AsC1 -- boiling pL'-t, 333'C.

2.13.2 Diphosgene (DP). Also known as trichloromethyl chloroformate (CICOOCC13), the compound
is relatively insoluble in water and boils at 128'C. It is readily decomposed by aqueous sodium
hydroxide, CICOOCI3 + 8NaOH-.4NaCI + 2Na2CO3 + 4H20. Diphosgane can be detected by all
of the procedures used for phosgene.

2.13.3 Smoke agents. 2 The two most common liquid ones are chlorosulfonic acid (FS, CISO3 -) and
titanium tetrachlojde (FM, TiCI4 ). Both can be decontaminated by treatment with water followed by
neutralization of the acid with aqueous sodium hydroxide.

2.13.4 HL mixture. For this combination munition 'ill (lewisite and mustard), the recommonded
decontaminant would be 2-aminoothanol (see reference 2).

3. BEST CHOICE DECONTAMINANT FOR UNKNOWN FILLS

Two prpertims of CW agents are of primary irportanco in their decontamination:

(a) They are almost invariably electrophilic compounds.

(b) Many of them have only slight solubility in water. Therefore, the best general reagent
for their destruction should be a strong nucleophilo and a good general solvent for oranic compounds.
Ono decontantinant that seems to'be effective for a wide variety of agints is 2-an1iioathmiol,* which
has been previously described in this report, Taking account of the side reaction vwii chlorofomi t
is generally superior to bleach slumes oi to sodium hdioxide in water cr in vurious solvent amures,
w% - hare the other iwo wideli, used mltiaent decontaminant;.

incitration is also an excellent choice as a multiagent detoxification method and efiiencics
IA.Abeen roporte for a numlbor of agents,70

4. RBCOMMENDED DECONTAMINANTS FOR VARIOUS AGENFS IN THE ECS SYSTEM
S;',

sed upon data described previouly tius rlX rt, Ile following dw ontanirnants have been
recommended for the agents of interest:

(a) GA.

Aqumous sodium hydroxide is rzcommendcu unlcss alumaiun is present; then aqueous todium
carbonato is p~vfored to avoid fornattion of hydrogen. The cyanide produced cain be destroyed, if a=essary,

"4' Cmuno, E2. A,. E~owoW Atnund. Dispoidton ooi to Disector of Mmiutuig Teduiology. Ws of MEA ws
'.e.ontahuiw1 ior Agents in Kis. 25 November 1974. UNCLASSIMED M)ipotloa Fon.
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by subsequent treatment with aqueous calcium hypochlorite. Heat evolution should not present a
problem as the iAH is relatively low.

(b) GB.

Aqueous sodium hydroxide is recommended. The comments for GA regarding aluminum and
heat evolution aiso apply for GB, as well as for GD below.

(c) GD.

Sodium hydroxide in a mixture of water and 2-methoxyethanol is the deontarninant of
choice. The organic solvent is needed to give homogeneity.

(d) VX.

At present, no system can be recommended for ECS. However, aqueous calcium hypochloxito
or Fichior would be suitable with strong agitation if a reliable analytical method were to be developed.
Fichlor is expected to react in a similar manner to that of H1TH. The analysis of residual VX in
dilute HTH brine is described in reference 36. Additional effort would be required to ensure that the
method vigorously meets requirements.

(e) ID.

If temperature can be reasonably closely controlled in the ECS system, then 2-aminoethamol
is the preferred reagent, as the reactioa is homogeneous. If not, then calcium hypoctdo ite is sugg ted
with the rcquiroments of strong agitation and ropresentative sampling.

At prosent, no system cat be recommented. However, the use of 2-wani thanol Uppoew to
b promising, pOIding a study of the thennohlomistty Uf the lvactiau.

The suggested dacontaminant is 2-awinoethaol. Caution should be exorcied, as actyleao
* 4 is fried.

00I CG.

Aqueous sodiulk hydroxide is the reagent of choice. wcause of thre low bILing point of
gposg ie, provisions for cooling may b rquired.

(i) AC.

Aqueous calcium hypochlorite is recommended, following an initial dilution with water, to
avoid explosive polymerization.
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(CK.

1 Aqueous sodium hydroxide and strong cooling are recommended for this compound.

(k) S.

Because of insufficient data, no decontaminant can be recommended. However, the most
promising appears to be sodium hydroxide in a water and 2-methoxyethanol mixture.

(1) BBC.

As with chioropicrin, insufficient data prevent a selection, but sodium hydlroxide in aqueous
2-methoxyethanol shows promise.
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Table A-2. Rates, Gravimetric Ratios, and Capacities for Disposa Reactions

SActive ingredient Dcontmnant

Agent Decontaminant Temperature Half life gravinetric capacity
ratio*

gm*

GA Water (pH 9.5) 25rC 35 Minutes

*GA Seawater 250C 175 Minutes

GB 10% Sodium carbonate 250C 8.5 Seconds 1.51 0.066

GB Seawater 2SC 8 Hours - -

GB Soo 150C 2.5-24 Hours - i -

GB Water(pH 10) 250C -4 Minutes

GB 5% Sodium hydrxdde 250C <0.8 Second 0.571 1 0.0875

GB DS2 250C Instantaneous Not established

GB 5% Bleach (alkaline) 25°C instantaneous -1.06 -.. 047

. VX Bleach slurry (10% HTH) 25rC -70 Seconds -4.83 0.0207

VX Acidic bleach (pH 4) 259C 1.2 Minutes 0.798 (0 2 ) Coenration dependent

VX Water (pH 14) 25'C 1.3 Minutes

VX Seawater 25C -Yean

VX Soo ~- Dy
(95l to 10dqy)

VX IS 2 25C Seconds -0300 0067

%I1I o ta~csie5I 52TC 16 MlW4 1.150 "02lita1

"tat

LW4 Ver Wy fast
(Olk plaluas)

L Saw.sttt 251C tgna,

I.~Zo .oaa1(M4A 25'C 4 1.116 Oa2 it S3i

WA.6 ×AI046 U6

I S,4 A queow We~sa (1~c .4051 (A)

CG(hWae) Wsto skc Q0So41

10%Sy ~ ~ <<XWliWW 2$C (1. Meut1623 0.0616

2i" X69,2ACrh)' (10% HIM) Alkaline 2,'C 1.92 0oo16

.69.2

U00AVWAUU2W (U (O34)

.1.216 022

Crawo of 30aftwY0 WLved puna Offi 4WQOnUAWWWal (OnsuLahLa
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Table A-3. Reaction Equations Used for Calculations in Table 2

0

GB + '.Na-)CO3 + 120---*-NaOPCH3  + NaP + 2NaHCO 3

0C~CH3
'CH 3

* 0

GB + 2NaOH .--- NaOKICH 3  + NaF + 1120

Cl! 3

0

GB +2NaOCI H2O-a- NaOPCH3  + NaF +2HCi

OCII 3

0

VX 46Ca(OCI)24H 20 Cl13 PH--0--0 (/2 Ca++) +' HN iC3li7)2 +

('aS0 4  2C0 2 4 4.$CQZ + 3MI~ 24lIZ0

(WA

VX + 3Uai + 4lb-(33-Oa' If -Oil BSO3  CWipr) 6li0

(WO + NaUflt--*U-N + *("3+ Nd1 11N 1,

(' 3NO., + SNaOH-.3NCi + NMN0, + NaHM 3 + 2up

OWCN + 9C((k1.0-.2,+ 4C0 + SXaCi + 42H1,0 SHOOtX

Nwt: In uo.w i c e wl4 hypwhlitc waww to buffr the tcu" t he w ac of ou~w
Ad&d baks.
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